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A low-voltage tinnitus detection system using log-domain technique has been introduced in this paper. The design offers 
the advantages of resistorless design, electronic tunability of performance characteristics, and less complexity than the 
reported ones. The performance of the tinnitus detector has been verified by HSPICE simulation software using the 
parameters of TSMC CMOS 130 nm process. 
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1 Introduction 
Tinnitus (from the Latin tinnire, which means to 
ring or to tinkle) is the perception of sound (of ring, 
buzz, roar or hiss form) for which there is no evident 
external stimulus1,2. It is the indication of malfunction 
in the processing of auditory signals involving both 
perceptual and psychological components. There can 
be many possible causes for tinnitus including 
exposure to loud sounds, injuries to head or neck, 
reaction to medication, natural aging, sudden impact 
noises, earwax blockage, and ear bone changes3. As 
far as the treatment of tinnitus is concerned there are a 
number of therapy procedures such as acupuncture, 
cranio-sacrat therapy, cognitive therapy behavioral 
therapy, tinnitus retaining therapy and hypnosis or 
hyperbaric oxygen4-6. Before a patient is treated for 
tinnitus, it is essential to verify whether a patient 
suffers from tinnitus or not. Therefore, from the last 
few years, a considerable attention has been given by 
the researchers to design a tinnitus detection system7,8. 
The idea behind the designs is to extract the energies 
corresponding alpha, theta and gamma waves of 
electroencephalogram (EEG) from healthy and 
deceased regions of brain and if the extracted energies 
of theta and gamma waves from deceased region is 
higher than the healthy region and that of alpha  
wave is lower than the healthy region, tinnitus is 
detected. 
The designs of tinnitus detection system were 
introduced keeping in view its employment in closed-
loop implantable neuro device for electrical 
stimulation of deceased areas of auditory cortex. 
Therefore, low-voltage implementation and low-
power dissipation were the main design concerns in 
its design. Among the several low-voltage techniques, 
companding is supposed to be the most suitable 
technique for its design. 
In companding9,10, the large-signal characteristics 
of MOS transistor are directly used without any 
additional linearization technique. The input signal is 
first compressed using an appropriate compressor, the 
compressed signal is processed by the core of the 
companding system and then the compressed output 
of the core is expanded by an appropriate expander. 
Therefore a companding system forms externally 
linear internally non-linear (ELIN) system. The three 
classes of companding systems reported in the open 
literature are log-domain system11-16, square-root 
domain system17-20 and sinh-domain system21-26. Log-
domain systems were the most widely studied systems 
but due to their bipolar implementations, they became 
obsolete with time and many square-root system 
implementations were reported. However, square-root 
system implementations have the limitations of large 
supply voltage, high complexity and high power 
dissipation. Therefore, the researchers started to 
design the sinh-domain systems which offer the 
advantages of class AB nature and low-power 
consumption. The sinh-domain system however has 
the disadvantage of high complexity. Therefore, in the 
last few years, the researchers have again started to 
design the CMOS log-domain systems which 
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overcome the high-complexity disadvantage of sinh-
domain systems. 
In this paper, a log-domain tinnitus detection 
system is presented. Compared to the design proposed 
by Hiseni et al.7, the proposed design offers the 
advantages of exact design as the square function has 
not been approximated and the low supply voltage 
design. Compared to the design of Tsirimokou et al.8, 
the proposed design offers the advantages of low 
complexity and large dynamic range (DR).  
 
2 Tinnitus Detection System 
The tinnitus detection system is recalled in Fig. 1, 
where the signals have been received from the 
electrodes associated with the healthy and deceased 
locations of the auditory cortex. There are two energy 
extractors for each frequency band, i.e., alpha, 
gamma, and theta which are connected to the 
deceased and healthy locations, to extract the energy 
of the signals originated from their auditory cortex, 
respectively. Each energy extractor consists of a 
band-pass (BP) filter, a squarer, and a low-pass (LP) 
filter as shown in Fig. 2. To extract the band of 
interest from the EEG signal, BP filter is used while 
as the squarer will perform the full wave rectification 
of the filtered signal which is fed as input to the LP 
filter with cut-off frequency much smaller than the 
maximum frequency of the squarer’s output signal. 
The LP filter therefore provides the information about 
the energy of the applied input signal. The output of 
the energy extractors alpha, gamma and theta are 
denoted by (α1,α2), (ϒ1 , ϒ2) and (θ1 , θ2) respectively. 
As shown in Fig. 1, the output of the energy 
extractors of particular band is fed to the input of 
corresponding comparator and then comparators are 
appropriately configured to produce logic 1 at their 
output. If α1>α2, ϒ1<ϒ2 and θ1< θ2, only then the 
output of AND gate will be at logic 1 which means 
tinnitus is diagnosed. 
The functional block diagrams (FBDs) employed to 
implement the second order band-pass and low-pass 
filters are shown in Figs 3(a) and 3(b), respectively, 
where the corresponding transfer function are given 
by Eqs (1) and (2), respectively; 
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where the resonant frequency (
o ) and quality factor  
( Q ) are given by Eqs (3) and (4), respectively: 
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3 Log-Domain Implementation of Tinnitus Detection 
System 
The topology of a log-domain lossless integrator 
required to implement the filtering functions is shown 
in Fig. 4. After some algebriac manuplations, the 
transfer function of the integrator is derived as given 
in Eq. (5): 
 
 
Fig. 1 — Tinnitus detection system. 
 
 
 
Fig. 2 — Construction of energy extractor using squarer and filter 
building blocks. 
 
 
Fig. 3 — FBD of second order (a) band-pass filter and (b) low-
pass filter. 
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where the time constant ˆ  is given by Eq. (6): 
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To realize a log-domain integrator E+ cell and E- 
cell (i.e., non-linear transconductor cells) are the basic 
building blocks which are shown in Figs 5 and 6, 
respectively, and the expression is given by Eq. (7): 
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where 
oI is dc bias current, VT is the thermal voltage 
(26 mV at 27 C), n is the sub threshold slope factor 
(1< n <2), 
ˆ , ˆ are the compressed input voltages 
and 
OUTi  is the linear output current. 
The complementary operators used to convert the 
linear input current into a compressed voltage (LOG) 
and the compressed output voltage into a linear 
current (EXP) are given in Figs 7(a) and 7(b), 
respectively. The input-output relationship of LOG 
and EXP operators is given in Eqs (8) and (9), 
respectively: 
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The combined log-domain implementation of second-
order band-pass and low-pass filter is shown in Fig. 8. 
 
 
Fig. 4 — Log-domain implementation of lossless integrator. 
 
 
 
Fig. 5 — Positive transconductance cell (a) transistor level circuit 
and (b) symbol. 
 
 
Fig. 6 — Negative transconductance cell (a) transistor level circuit 
and (b) symbol. 
 
 
 
Fig. 7 — (a) Compressor block and (b) expander block. 
 
 
 
Fig. 8 —Topology of second-order low-pass and band-pass filter. 
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The resonant frequency 
0  and quality factor Q of the 
BP filter is given by Eqs (10) and (11), respectively: 
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The realization of the four-quadrant multiplier is 
shown in Fig. 9. The ouput current of the multiplier is 
given by Eq. (12): 
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Thus, if iii  21  the required squarer operation 
will be obtained. 
Finally, the comparator and AND gate operations 
required in the system are performed by the circuits 
given by Figs 10 and 11, respectively. 
 
4 Simulation and Comparison Results 
In order to verify the proper functioning of the 
system, results were obtained in HSPICE software 
using 130 nm CMOS process file provided by TSMC. 
The power supply voltages and dc current sources 
have been chosen as VDD = 0.5 V, VDC =0.2 V and 
Io=1.2 nA. The aspect ratios of the MOS transistors 
used to design transconductance cells of Figs 5 and 6 
are given in Table 1. The frequency responses of low-
pass and band-pass filters designed for pole/central 
frequency and quality factor equal to 50 Hz and 2, 
respectively, are shown in Figs 12(a) and 12(b). The 
calculated values of capacitors were pF242ˆ2 C  
and pF 56ˆ 2 C . The simulated results for the 
demonstration of electronic tunability of the filters 
obtained for Io equal top 600 pA, 900 pA, 1.2 nA, 1.8 
nA and 2.4 nA are shown in Figs 13(a) and 13(b). The 
linearity of the low-pass filter was evaluated by 
performing the total harmonic distortion (THD) 
analysis. The obtained THD plot is shown in Fig. 14. 
For a THD level equal to 2%, the value of input signal 
amplitude was equal to 810 pA. Integrating the noise 
through the pass band of the filter, the rms value of 
 
 
Fig. 9 — Topology of four-quadrant multiplier. 
 
 
 
Fig. 10 — MOS implementation of comparator circuit. 
 
 
Fig. 11 — MOS implementation of 3-input static AND gate. 
 
Table 1 — MOS transistor aspect ratio for transconductance cell 
shown in Figs 5(b) and 6(b) 
Transistor W/L (μm/μm) 
Mp1-Mp2 6/5 
Mp3 0.5/10 
Mn1-Mn4 5/10 
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the input referred noise was 0.98 pA and the predicted 
value of the dynamic range (DR) of the filter was 
55.33 dB. To study the nonlinear behavior of the 
band-pass filter, the third-order inter-modulation 
distortion (IMD3) was measured. For this purpose, a 
two-tone test was performed using closely spaced 
tones 49 and 51 Hz (2% of cut-off frequency) that fall 
within the pass band of the filter. IMD3 response of 
the filter is drawn in Fig. 15. The noise was integrated 
over pass-band of the filter and the simulated RMS 
value of the output noise was 0.54 pA. The achieved 
DR at 1% distortion level for the filter was 66.2 dB. 
The sensitivity of the filters to the process parameters 
variations and MOS transistors parameters 
mismatching has been evaluated through the 
employment of the Monte Carlo analysis tools offered 
by the software. The derived statistical plots for low-
pass and band-pass filters are given in Figs 16 and 17, 
respectively, where the standard deviations of the low 
frequency gain and pole frequency in case of low-pass 
filter were 1.47 and 0.577 Hz, respectively, and while 
the values for maximum pass-band gain and central 
frequency in case of band-pass filter were 0.91 and 
9.1 Hz, respectively. 
The output dc characteristics of the four quadrant 
multiplier of Fig. 8 for i1 ranging from -800 pA to 800 
pA and i2 as variable input is given in Fig. 18. While 
as, Fig. 19 shows the ac response of the multiplier 
operated as squarer for both inputs i1 and i2 being 
sinusoidal signal of 450 pA amplitude. The aspect 
ratio of the MOS transistors used in multiplier is 
given in Table 2. Besides, the comparator and logical 
AND gate blocks have been biased for the supply 
voltage VDD_DIG =1 V, while the aspect ratios of the 
MOS transistors used for their design are given in 
Tables 3 and 4, respectively. 
 
 
Fig. 12 — (a) Low-pass filter response and (b) band-pass filter 
response. 
 
 
Fig. 13 — Tunability (a) low-pass and (b) band-pass. 
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Fig. 14 — THD plot for the low-pass filter. 
 
 
 
Fig. 15 — IMD3 versus modulation index factor response of 
band-pass filter. 
 
 
Fig. 16 — Monte Carlo analysis for band-pass filter (a) central 
frequency and (b) gain. 
 
 
Fig. 17 — Monte Carlo analysis for low-pass filter (a) central 
frequency and (b) gain. 
 
 
 
Fig. 18 —DC response of four-quadrant Multiplier. 
 
 
 
Fig. 19 — Response of multiplier operated as squarer. 
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Table 2 — MOS transistor aspect ratio for multiplier  
circuit in Fig. 9 
Transistor W/L (μm/μm) 
Mn1-Mn8 5/10 
Mp1-Mn2 1/1 
 
 
Table 3 — MOS transistor aspect ratio for comparator  
circuit in Fig. 10 
Transistor W/L (μm/μm) 
Mp1-Mp2 1/1 
Mn1-Mn4 5/10 
 
 
Table 4 — MOS transistor aspect ratio for AND gate  
circuit in Fig. 11 
Transistor W/L (μm/μm) 
Mn1-Mn3 1.5/0.4 
Mn4 10/1 
Mp1-Mp3 0.4/0.4 
Mp4 3/1 
 
In order to verify the performance of the tinnitus 
detection system, the alpha, gamma and theta  
waves were extracted from EEG27 through appropriate 
filtering and are shown in Fig. 20(a-c). The alpha, 
gamma and theta waves in presence of tinnitus are 
shown in Fig. 21 where the condition α1<α2, ϒ1< ϒ2 
and θ1< θ2, has been fulfilled while the corresponding 
wave in absence of Tinnitus are shown in Fig. 22 
where the condition α1>α2, ϒ1< ϒ2 and θ1< θ2 has 
been fulfilled. The ranges of alpha, gamma, and  
theta waves are 8–12 Hz, 30–100 Hz, and 4–8 Hz, 
respectively. Therefore, the values for bias current 
and capacitor values of the filters within the  
band energy extractors are given in Tables 5 and 6. 
The waveforms obtained at the outputs of  
the corresponding comparators and the output of  
the whole system in presence of Tinnitus is given in  
Fig. 23 while the corresponding waveforms in 
absence of Tinnitus are shown in Fig. 24. As  
was expected, a logical “1” is observed at the output 
of the system in presence of Tinnitus while a  
logical “0” is observed in absence of Tinnitus.  
The total power dissipation of the system was  
1.72 µW. In comparison to the designs proposed by 
Hiseni et al.7 and Tsirimokou et al.8, the proposed 
design offers the advantages of low complexity and 
large dynamic range but the price paid is that the 
power consumption is large. 
 
 
 
Fig. 20 — Extracted waves (a) alpha wave, (b) gamma wave and 
(c) theta wave. 
 
INDIAN J PURE & APPL PHYS, VOL. 55, AUGUST 2017 
 
 
602 
 
 
Fig. 21 — Transient response of comparators in presence of 
Tinnitus (a) alpha, (b) gamma and (c) theta. 
 
 
Fig. 22 — Transient response of comparators in absence of 
Tinnitus (a) alpha, (b) gamma and (c) theta. 
Table 5 — Capacitor values for band-pass filter 
C1 C2 Frequency  
(actual) 
(Hz) 
Frequency  
(simulated) 
(Hz) 
2.24×10-10 5.60×10-11 50 48 
1.12×10-9 2.80×10-10 10 9.4 
2.24×10-9 5.60×10-10 5 5 
 
 
Table 6 – Capacitor values for low-pass filter 
C1 C2 Frequency  
(actual) 
(Hz) 
Frequency  
(simulated) 
(Hz) 
4.72×10-9 1.18×10-9 2.4 1.91 
9.44×10-10 2.35×10-10 12.0 10.00 
9.44×10-9 2.35×10-9 1.2 0.97 
 
 
 
Fig. 23 — Overall response of tinnitus detection system in 
presence of Tinnitus.  
 
 
 
Fig. 24 — Overall response of tinnitus detection system in 
absence of Tinnitus.  
 
5 Conclusions 
In this paper, an ultra-low voltage implementation 
of the tinnitus detection system is presented. The 
design is achieved using log-domain companding 
technique and the proposed implementation has been 
verified using HSPICE software. The simulation 
results indicate that the realized tinnitus detection 
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system with contemporary technology requirements is 
ready to get applied for its application in biomedical 
systems. 
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